OBJECTIVE: During a stay in a respiratory chamber without an exercise protocol, physical activity is limited to activities of daily living, change of posture and 'fidgeting,' collectively referred to as spontaneous physical activity (SPA). SPA is quite variable among individuals and is a heritable trait. A low SPA during a chamber stay is a predictor of weight gain in men. However, it remains to be established whether physical activity in a respiratory chamber relates to physical activity under habitual, free-living conditions. The purpose of the present study was to determine whether physical activity in a chamber is correlated to habitual, free-living physical activity. DESIGN: Fifty healthy, non-diabetic Pima Indians (30 M=20 F, 30 AE 6 y; 37AE 10% body fat; means AE s.d.) completed a 24 h stay in the respiratory chamber followed by a 7 day measurement of habitual, free-living energy expenditure by doubly labeled water. Free-living physical activity was expressed as activity energy expenditure (AEE FL ; daily energy expenditure 7 (sleeping metabolic rate þ thermic effect of food)), physical activity level (PAL FL ; daily energy expenditure=sleeping metabolic rate) and body-size independent activity units. Activity during the chamber stay was expressed as PAL Ch , AEE Ch , and based on radar sensor measurements, as percentage of time with activity (SPA Radar ). RESULTS: AEE FL (averaging 930 AE 310 kcal=day (3.89 AE 1.30 MJ=day)) was correlated to AEE CH (averaging 440 AE 160 kcal=day (1.84 AE 0.67 MJ=day)) and higher in men than in women (r ¼ 0.53, P ¼ 0.003) and r ¼ 0.53, P ¼ 0.02, respectively). Likewise, PAL FL (averaging 1.75 AE 0.21) was correlated to PAL Ch (averaging 1.42 AE 0.10) and higher in men than in women (r ¼ 0.49, P ¼ 0.006 and r ¼ 0.42, P ¼ 0.02, respecitvely). Free-living activity expressed in body-size independent activity units (averaging 17.8 AE 7.0) was correlated to SPA Radar (averaging 6.4 AE 1.7) with no effect of sex (r ¼ 0.30, P ¼ 0.03). CONCLUSION: Physical activity in a respiratory chamber was correlated to habitual physical activity, whether expressed as AEE, PAL or body-size independent activity units, providing a plausible explanation for the demonstrated association between a low SPA in the chamber and weight gain. The study encourages further studies of the genetic and non-genetic determinants of SPA and non-exercise activity thermogenesis (NEAT).
Introduction
Obesity is a prevalent medical condition that has an enormous impact on public health. 1 To develop treatment and prevention modalities, investigators have sought an understanding of the metabolic, behavioral and social factors that contribute to the pathogenesis of obesity. Several metabolic risk factors for weight gain have been reported; for example, some studies involving whole-body indirect calorimetry indicate that for a given body size, a relatively low metabolic rate 2 and a high respiratory quotient, (ie a low rate of fat vs CHO oxidation) 3, 4 are predictors of weight gain. A low level of physical activity has also been associated with weight gain. 5 During a stay in our indirect calorimeter, a subject's physical activity is measured with radar sensors and expressed as percentage of time with activity. As subjects are asked not to perform any workout type of exercise in the chamber, locomotion is restricted to activities of daily living, change of posture and 'fidgeting', collectively referred to as spontaneous physical activity (SPA). SPA is quite variable among individuals and a familial trait. 5 In Pima Indian men, a low SPA is a predictor of weight gain. 5 However, since physical activity in the chamber is limited in type and intensity due to space restrictions, limited facilities, and the study protocol, it remains to be established whether the level of physical activity in the chamber relates to the level of physical activity under habitual, free-living conditions. The existence of such a relationship would provide a plausible explanation for the association between a low SPA in the chamber and weight gain, adding to the evidence that physical inactivity plays a causative role in the development of obesity. 6 -8 The purpose of the present study was to determine whether physical activity in a chamber is related to habitual, free-living physical activity, measured over a 7 day period with doubly labeled water.
Methods

Subjects
Thirty male and 20 female Pima Indians (30 AE 6 y, 95AE 21 kg, 37 AE 10% body fat), all of whom were healthy and nondiabetic according to World Health Organization criteria 9 were recruited among subjects previously studied in the respiratory chamber. The protocol was approved by the Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney Diseases. All subjects gave written, informed consent. Upon admission to the metabolic research unit, the subjects were fed a weight-maintenance diet (20% protein, 30% fat, 50% carbohydrate) and abstained from strenuous exercise. Percentage of body fat was determined by dual-energy X-ray absorptiometry (DPX-1; Lunar Radiation Corp., Madison, WI).
Indirect calorimetry and radar measurements
After at least 24 h on the weight-maintenance diet, the subjects spent 23 h in the respiratory chamber, an opencircuit indirect calorimeter with a total volume of 19 m 3 as previously described. 10 The subjects were given loose directives not to perform any excessive exercise (eg push-ups) while in the chamber. Sensor readings were averaged for each 15 min period. Two microwave motion sensors (MICD 930, Honeywell Inc., Minneapolis, MN) continuously monitored the physical activity of the subject. The sensitivity of the system was set to detect any movement greater than chest movement in breathing. The output of both sensors was processed and SPA expressed as the percentage of time during which the subject was moving 10 (referred to as SPA Radar ). Twenty-four hour energy expenditure (24EE) was calculated as previously described. 10 Sleeping metabolic rate (SMR) was defined as the average energy expenditure of all 15 min periods between 00:30 and 06:00 for which SPA Radar was below 1.5%. The energy content of the diet provided in the chamber was calculated as previously described.
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Doubly-labeled water Habitual (free-living) energy expenditure was measured by doubly-labeled water as previously described in detail. 12 Two urine samples for measurement of baseline isotopic enrichment were collected on the day of admission. The subjects were dosed at 22:00 on the day before discharge after a total emptying of the bladder. Male subjects ingested 1.6 and female subjects 1.4 g=kg body weight of a 1:20 stock solution containing 99.9 atom percent of 2 H 2 O and 10.4 atom percent H 2 18 O. The dosing container was rinsed with approximately 100 ml of tap water and given to the subject to drink. Three urine collections were obtained the following morning with an interval of at least 1 h between each collection. The first collection was discarded. The subjects were discharged as early in the day as possible to ensure that the measurements were representative of habitual conditions, encompassing occupational and leisure activities. After 7 days, the subjects returned to our outpatient clinic after an overnight fast for weighing and two urine collections, obtained with an interval of at least 1 h. All urine samples were promptly frozen in tightly sealed containers until analysis to prevent isotopic fractionation. Determination of 2 H enrichment was done by equilibration as previously described 13 on a Finnigan DeltaS (ThermoQuest, San Jose, CA) spectrometer. The 18 O enrichment was determined by equilibration with CO 2 on a Finnigan MAT251 spectrometer (ThermoQuest) as previously described. 12 Decay rates were calculated as the slope of the linear regression between the logarithm of isotopic enrichment and time. CO 2 production was derived from the isotopic decay rates, and total energy expenditure (TEE) calculated from the energy equivalent of CO 2 based on a respiratory quotient of 0.866, assuming that the macronutrient content of the habitual diet was similar to the diet provided in the metabolic research unit. 12 Free-living physical activity Free-living activity energy expenditure (AEE FL ) was calculated as per the existing convention by subtraction of basal metabolic rate (BMR) and the thermic effect of food from TEE, 14 except that SMR, which was determined over several hours, was used instead of BMR to diminish measurement error. The thermic effect of food (TEF) was estimated as 10% of TEE, 14 ie AEE FL ¼ TEE 7 (SMR þ 0.1ÂTEE). Physical activity level (PAL) was calculated by division of TEE with SMR, 15 ie PAL FL ¼ TEE=SMR. Likewise, we calculated AEE Ch and PAL Ch for the chamber stay as 24EE 7 (SMR þ 0.1Â24EE) and 24EE=SMR, respectively.
Body size-independent activity units Free-living activity (AEE FL , in kcal=day) was transformed into body-size independent activity units based on the known individual relationship between activity level and energy expenditure, determined from the body size-independent radar movement registration and indirect calorimetry Chamber and free-living physical activity S Snitker et al performed in the chamber. First, the subject's energy equivalent of a chamber physical activity unit (EEPA) was determined as previously described 10 as the slope of the regression line between each 15 min EE (expressed in kcal= day) and its physical activity by radar (in period's inherently body sizeindependent units). Then, AEE FL was transformed into body size-independent activity units by division by EEPA.
Statistical analyses
Relationships between variables were determined by Pearson's correlation and multiple linear regression models. For all comparisons, P < 0.05 was considered significant. Calculations were performed with SAS software versions 6 and 7 (SAS Institute, Cary, NC). Table 1 shows the mean values of the measured and derived variables. Linear regression analysis indicated that AEE Ch was a significant determinant of AEE FL and that the regression lines were significantly different in men and in women, a given AEE Ch being associated with a higher AEE FL in men ( Figure 1, upper panel) . The relationship between AEE Ch and AEE FL was significant in both sexes (r ¼ 0.53, P ¼ 0.003 and r ¼ 0.53, P ¼ 0.02 in men and in women, respectively). SPA Radar , the raw activity score, was a stronger determinant of AEE Ch than was body weight (F ¼ 17.3 vs 7.8). The relationship between AEE Ch and AEE FL was slightly weaker after partial adjustment for body weight (r ¼ 0.49, P ¼ 0.006 and r ¼ 0.42, P ¼ 0.07 in men and women, respectively). The relationship after adjustment for (body weight) 0.5 was of practically the same strength as after adjustment for body weight itself. PAL Ch and PAL FL were also correlated within each sex (r ¼ 0.56, P ¼ 0.001 and r ¼ 0.45, P ¼ 0.048 in men and women, respectively; Figure 1 , lower panel). Together, PAL Ch and sex explained 64% of the variability in PAL FL (r 2 ¼ 0.64). Averaged over the whole stay, SPA Radar varied from 3.5 to 9.9% of the time with activity. As in previous studies, SPA Radar was a strong independent determinant of 24EE adjusted for fat-free mass, fat-mass and sex (r ¼ 0.69, P ¼ 0.0001). The mean EEPA was 54 AE 15 kcal=day per percentage point of activity and was, expectedly, correlated to body weight (r ¼ 0.47, P ¼ 0.0007; Figure 2, upper panel) . As hypothesized, free-living activity expressed in body-weight independent activity units was correlated to SPA Radar (r ¼ 0.30, P ¼ 0.03; Figure 2, lower panel) . A tendency toward a higher free-living activity in men in this analysis did not achieve statistical significance (P ¼ 0.09). Chamber and free-living physical activity S Snitker et al
Results
Discussion
The level of physical activity in our respiratory chamber, where no exercise regimen is imposed, shows great variability between individuals, but is reproducible and a heritable trait. 5 This inherent propensity to locomotion has been termed SPA and has displayed an inverse relationship to future weight gain. 5 These findings make SPA a putative obesity subphenotype. However, because SPA is only defined and measured in the chamber, its scientific interest would greatly increase by the demonstration of a relationship to habitual, free-living activity. Such a relationship could also explain the inverse association between SPA and weight gain. The purpose of the present study was to test the hypothesis that SPA is correlated to habitual, free-living physical activity.
Thirty male and 20 female Pima Indians completed a 24 h stay in our respiratory chamber, immediately ensued by a 7 day measurement of TEE under habitual, free-living conditions with the use of doubly-labeled water. The study showed that the activity level in the chamber was correlated to the habitual activity level, whether expressed in absolute terms as AEE, relative to SMR as PAL, or in activity units. AEE Ch and AEE FL represent the AEE calculated by subtraction of SMR and the thermic effect of feeding from 24EE or TEE, respectively. AEE FL and AEE Ch were significantly correlated, but for a given level of activity in the chamber freeliving activity was higher in men than in women. The analysis was repeated after adjustment for body weight, as it was thought that shared dependence of AEE FL and AEE Ch on body weight could inflate the relationship. Adjustment for body weight weakened the relationships between AEE FL and AEE Ch sufficiently that the P-value for the relationship in the smaller group of women went just above the level of statistical significance. Adjustment for (body weight) 0. 5 , which has been proposed as a more accurate adjustment than body weight itself, 16 resulted in relationships of similar strength as after adjustment for body weight itself. We consider the effects of the adjustments of AEE for body weight rather limited and consistent with the observation made based on the chamber data that AEE was more strongly influenced by the raw activity score (SPA Radar ) than by body weight. Because the introduction of the variable body weight into the analysis is debatable as it may weaken the relationship by inadvertently removing body-weight associated differences in exercise propensity and adding a source of error, unadjusted values of AEE FL and AEE Ch are shown in Figure 1 . Since free-living physical activity is likely to be influenced by factors such as season, employment and fluctuating workload within the household, we do not find the strength of the relationship disappointing, but it is possible that it would have been weaker in a genetically and culturally more heterogeneous sample. However, our findings are corroborated in a recent abstract by Chen et al 17 who report a relationship (r ¼ 0.35, P ¼ 0.001) between habitual and chamber activity in a heterogeneous group of 120 adults measured by a triaxial accelerometer in both situations. In the present study, for the same activity in the chamber, men tended to have a higher free-living activity. It would be valuable to determine the biological and societal factors that underlie this dimorphism, and to what extent it applies to groups other than Pima Indians.
Also when physical activity was expressed as PAL, activity in the chamber was a determinant of free-living activity, and the relationship differed between the two sexes. The use of PAL, and normalization of TEE for BMR or SMR, is well established, 15, 18 despite the fact that it is a normalization performed by division, which is sometimes not appropriate. However, in the case of PAL, the necessary and sufficient conditions for normalization by division as per Allison et al 19 were met, because the relationship between TEE and SMR was linear and graphically had a y-intercept not significantly different from zero. Furthermore, Black et al 20 found no correlation between PAL and BMR in 574 free-living individuals, concluding that this was an appropriate means of Figure 2 Upper panel, the energy equivalent of a physical activity unit (EEPA) plotted against body weight. Lower panel, relation between habitual, free-living activity and SPA measured by the radar in the chamber. *Expressed as body-size independent activity units as a result of division of AEE FL by EEPA.
Chamber and free-living physical activity S Snitker et al normalization. Despite the validity of PAL for comparisons between individuals, the concern remains that the association between PAL FL and PAL Ch within the same individual could be inflated because PAL FL and PAL Ch are both calculated by division of a variable with SMR and thus owe half of their variation to SMR. However, as determined in the chamber, PAL was related to activity (SPA Radar ) to a much larger extent than to SMR, and the observed r 2 of 0.64 was greater than what is attributable to mathematical dependency between the variables in a sample of this size (even with an infinite number of observations, the r 2 attributable to mathematical dependency would not exceed 0.5).
Individuals' physical activity levels are often compared based on the activity performed (for example, flights of stairs climbed) without regard to individual, mainly body weightrelated, differences in energy cost. Similarly, a distinguishing feature of the radar system in the chamber is that it registers activity (SPA Radar ) independently of its energy cost. It would therefore be relevant to test the relationship between SPA Radar and a similar unbiased activity measure obtained under free-living conditions. In the absence of free-living radar measurements or other movement registration, freeliving energy expenditure was transformed into body sizeindependent activity units by removal of the effect of individual differences in energy cost of activity from AEE FL . Although such differences are largely related to body weight, they cannot simply be adjusted for based on the observed relationship between free-living energy expenditure and body weight because this relationship, in addition to the effects of a higher energy cost with higher body weight, reflects weight-associated differences in activity. Therefore, individual differences in energy cost were determined under circumstances where the activity level was known, ie in the chamber. As expected, EEPA, the energy equivalent of a chamber physical activity unit, was correlated to body weight. Next, AEE FL was transformed into body size-independent activity units through division by the individual's EEPA. Thus calculated, free-living activity was correlated to SPA Radar , and the strength of the relationship was comparable to that observed by others using accelerometers. 10 Although the free-living body-size independent activity units arithmetically were expressed in the same dimension as activity in the chamber, ie percentage of time with activity, it is unlikely that the radar system, could it have been applied, would have recorded activity in almost 18% of the free-living time. Firstly, AEE, calculated by subtraction of a baseline metabolic rate and TEF from TEE also includes energy spent on isometric activity such as maintenance of posture, which will not activate the radar. Therefore, as can be determined from the chamber observations, division of 24 h AEE by the mean energy equivalent of a physical activity unit will produce an activity estimate that is about a third higher than the actual SPA Radar . Secondly, some strenuous free-living activities (eg load carrying) are not performed in the chamber. These limitations are inherent to studies that involve comparisons based on movement registration and metabolic measurements at the same time, and together with an added source of measurement error may explain why the relationship between SPA Radar and freeliving activity expressed in body-size-independent activity units was not as strong as the relationships between the purely metabolic measurements, and why no sex difference could be detected. Furthermore, the use of a uniform freeliving RQ (0.866) is a simplification. While the mentioned limitations should not be taken lightly, it is a mitigating factor that they are likely to weaken rather than inflate the observed relationship.
Reports indicate that imposed overfeeding can be associated with a non-volitional increase in physical activity energy expenditure (non-exercise activity thermogenesis, NEAT), 21 while the administration of an exercise program can result in a decrease in activities outside of the program. 22 In both cases, the changes in activity were inferred from changes in residual energy expenditure after the subtraction of known components from TEE. Although a sharp division of free-living activity on the basis of volition is problematic (almost all human locomotion in the awake state involves some degree of volition), the above examples suggest the existence of a spontaneous or non-volitional influence on free-living activity and a need for its determination. The question arises whether changes in this component may also be reflected in SPA during a chamber stay. It is important to realize that, because SPA measured in a chamber is likely to be influenced by local factors such as chamber size and electronic entertainment provided, its associated energy expenditure cannot be regarded as a component of freeliving TEE in its own right in analogy to BMR and TEF. Nevertheless, the heritable nature of SPA in the chamber and its relationship to habitual, free-living activity suggest that it is a useful paradigm to quantify an individual's propensity to locomotion under standardized conditions. Indeed, the possibility exists that some effects of genetic and environmental factors (diet, exercise and drugs) on human locomotion may be more readily observed in the chamber setting where societal influences are minimized. Studies in this simplified environment may accelerate an understanding of the heritable nature of habitual physical activity demonstrated by other groups. 23, 24 In conclusion, in Pima Indians, physical activity during a 24 h stay in the respiratory chamber is correlated to habitual physical activity, whether expressed as AEE, PAL or body size-independent activity units in both situations. Our results are corroborated by other investigators who have monitored movement using accelerometers. The findings provide a plausible explanation for the previously observed association between a low SPA in the chamber and weight gain, adding to the evidence that physical inactivity plays a role in weight gain. The findings also lend support to the continued study of physical activity in the chamber to understand the genetic and non-genetic determinants of obesity.
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